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Lipid droplet (LD) is a ubiquitous organelle that stores triacylglycerol and other neutral lipids. Perilipin 5 (Plin5), a member of
the perilipin protein family that is abundantly expressed in the heart, is essential to protect LDs from attack by lipases, including
adipose triglyceride lipase. Plin5 controls heart metabolism and performance by maintaining LDs under physiological condi-
tions. Aberrant lipid accumulation in the heart leads to organ malfunction, or cardiomyopathy. To elucidate the role of Plin5 in
a metabolically disordered state and the mechanism of lipid-induced cardiomyopathy, we studied the effects of streptozotocin-
induced type 1 diabetes in Plin5-knockout (KO) mice. In contrast to diabetic wild-type mice, diabetic Plin5-KO mice lacked de-
tectable LDs in the heart and did not exhibit aberrant lipid accumulation, excessive reactive oxygen species (ROS) generation, or
heart malfunction. Moreover, diabetic Plin5-KO mice exhibited lower heart levels of lipotoxic molecules, such as diacylglycerol
and ceramide, than wild-type mice. Membrane translocation of protein kinase C and the assembly of NADPH oxidase 2 complex
on the membrane were also suppressed. The results suggest that diabetic Plin5-KO mice are resistant to type 1 diabetes-induced
heart malfunction due to the suppression of the diacylglycerol/ceramide-protein kinase C pathway and of excessive ROS genera-
tion by NADPH oxidase.

The heart normally obtains 60 to 70% of its necessary energy
through fatty acid (FA) �-oxidation (1). On the other hand,

aberrant lipid accumulation occurs in the heart in cases of obesity
and diabetes due to increased FA influx (2, 3). Excess FAs are
converted to triacylglycerol (TAG) and stored in lipid droplets
(LDs), which are metabolically active organelles surrounded by a
monolayer of phospholipids and which occur in almost all tissues
(4, 5). Compared with LDs in white adipose tissue, heart LDs are
much smaller, and the lipid contents are turned over much faster.

Many proteins are located on LD surfaces, likely contributing
to the properties of LDs (4). Perilipin (Plin) family proteins form
a group of representative LD-associated proteins, composed of
five members, Plin1 to Plin5 (6, 7). Plin1 and Plin4 are expressed
mainly in adipose tissues, whereas Plin2 and Plin3 are found in a
wide variety of tissues. Unlike other Plin family proteins, Plin5 is
expressed abundantly in oxidative tissues, particularly in the heart
(8–10). We previously found that detectable LDs are lost in the
hearts of Plin5�/� mice, and we demonstrated that Plin5 is essen-
tial to protect heart LDs from attack by adipose triglyceride lipase
(ATGL) and/or a related lipase(s). Because FAs are not seques-
tered as TAG in LDs, larger amounts of FAs are oxidized in mito-
chondria in the hearts of Plin5�/� mice, leading to excess genera-
tion of reactive oxygen species (ROS), which causes an eventual
age-dependent decrease in heart function. Thus, heart LDs serve
to limit oxidative damage of the heart by regulating FA influx into
the mitochondrial oxidation pathway (11).

Intramyocardial TAG levels are inversely correlated with heart
function, and chronic lipid accumulation leads to heart malfunc-
tion (2, 3, 12). Diabetic patients often suffer from a diabetes-in-
duced decline in heart function, which is called diabetic cardio-

myopathy (13). Simultaneous accumulation of LDs manifests in
the hearts of these patients (14, 15). Hence, abnormal lipid me-
tabolism, including aberrant lipid accumulation, is regarded as an
important pathogenesis of diabetic cardiomyopathy. Efforts have
been made to elucidate the link between lipid metabolism and
heart performance using obese and diabetic mouse models as well
as genetically modified mice (16–24). Previous studies focusing on
abnormal lipid metabolism suggest two causes for major patho-
genesis of diabetes-induced heart malfunction. One cause is aug-
mentation of oxidative stress due to enhanced mitochondrial ROS
generation caused by excess FA oxidation (25–27). The other is
excess accumulation of lipotoxic molecules, such as diacylglycerol
(DAG) and ceramide, which disrupt several signaling pathways,
including the protein kinase C (PKC) pathway (19, 28, 29). How-
ever, it is not clear which of the two proposed causes primarily
contributes to the development of diabetic cardiomyopathy.

Based on the essential function of Plin5 in maintaining LDs in
the heart under physiological conditions, we expected that this
protein also would play a critical role in aberrant heart lipid accu-
mulation under pathological conditions. Accordingly, we gener-
ated type 1 diabetic Plin5�/� mice by treatment with streptozoto-
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cin (STZ) and compared their phenotypes with those of diabetic
wild-type (WT) mice. As expected, diabetic Plin5�/� mice lacked
heart LDs and were resistant to lipid-induced heart malfunction.
Here, we describe the underlying mechanism that, in turn, sheds
light on the pathogenesis of diabetic cardiomyopathy.

MATERIALS AND METHODS
Mice. Plin5�/� mice were generated in our laboratory, as described pre-
viously (11), and were backcrossed to the C57BL/6J background for 10
generations. The Plin5�/� mouse strain was donated to RIKEN Biore-
source Center, Japan, under identification number RBRC05649. Plin5�/�

and Plin5�/� mice used for experiments were obtained by breeding ho-
mozygous parents. C57BL/6J (WT), Leprdb/Leprdb (leptin receptor defi-
ciency), and lean control Leprdb/� mice were obtained from CLEA Japan.
Type 1 diabetic Ins2WT/C96Y (Akita) mice were obtained from Japan SLC.

Diet-induced obese mice were obtained by feeding the mice from ages
3 to 4 to 18 to 20 weeks with a high-fat diet (60% of calories from fat)
(HFD32; CLEA Japan).

STZ-induced diabetic mice were generated as follows. Mice at 10 to 14
weeks of age were intraperitoneally injected with STZ (Nacalai Tesque) in
saline at a dose of 150 mg/kg body weight every 3 to 4 days until blood
glucose concentration exceeded 350 mg/dl. Blood glucose levels were
measured with a Glutest sensor (SKK). Eight weeks after diabetes was
established, mice were used for experiments. Some animals were treated
with N-acetyl-L-cysteine (NAC) (Wako) at a dose of 500 mg/kg/day as
described previously (11) for 8 weeks after onset of diabetes.

The mice were housed on a regular 12-h light/dark cycle and were fed
with a standard chow diet (CA-1; CLEA Japan) and water ad libitum. All
the animal procedures were conducted according to the guidelines of
University of Hyogo for the care and use of experimental animals.

Reverse transcription-PCR (RT-PCR). Total RNA was isolated from
the left ventricle using a QIAzol lysis reagent (Qiagen), according to the
manufacturer’s protocol. For first-strand cDNA synthesis, 2 �g of total
RNA was reverse transcribed at 37°C for 1 h using random hexamer prim-
ers (TaKaRa) and Moloney murine leukemia virus (M-MLV) reverse
transcriptase (Invitrogen). Target genes were amplified with a Taq DNA
polymerase (KAPA) using specific primer sets (Table 1). The PCR prod-
ucts were separated in 2% agarose gels containing ethidium bromide and
detected by a luminescence image analyzer (LAS-1000; Fujifilm). The in-
tensities of specific bands were quantified using ImageJ software.

qPCR. cDNA templates were prepared as described above. Quantita-
tive PCR (qPCR) was performed in a CFX96 real-time detection system
(Bio-Rad) using SsoAdvanced SYBR green Supermix (Bio-Rad) and spe-
cific primer sets (Table 1). Relative mRNA levels were quantified using the
comparative threshold cycle (CT) method and normalized to Rplp0
mRNA levels.

Immunoblot analysis. Tissues were homogenized using a Polytron
homogenizer (Kinematica AG) in a lysis buffer (20 mM Tris-HCl [pH

7.5], 1% Nonidet P-40, 0.5% sodium deoxycholate, 1% SDS, 150 mM
NaCl, 10 mM NaF, 1 mM sodium pyrophosphate, 1 mM sodium or-
thovanadate, a protease inhibitor cocktail [Roche], and 1 mM EDTA).
Protein concentration was determined using a protein assay kit (Bio-
Rad). Samples containing equivalent amounts of protein were resolved by
SDS-PAGE and transferred to polyvinylidene difluoride or nitrocellulose
membranes. Proteins were probed using the following antibodies: Plin5
(developed in-house [8] and by Progen [GP31]); Plin2 (GP40; Progen);
Plin3 (3883; Prosci); ATGL (2138), phospho-p38 (4511), and p38 (9212)
(Cell signaling); pan-cadherin (C3678), PKC (P5704), and p47phox

(SAB4502810) (Sigma); glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (sc-25778) and �-tubulin (sc-9104) (Santa Cruz); hormone-
sensitive lipase (HSL) (ab45422) and uncoupling protein 3 (UCP3)
(ab3477) (Abcam); p67phox (610912; BD Bioscience); and acyl coenzyme
A (CoA) oxidase (Acox), very long-chain acyl-CoA dehydrogenase
(VLCAD), and medium-chain acyl-CoA dehydrogenase (MCAD) (gifts
from T. Hashimoto and S. Yamaguchi). Horseradish peroxidase (HRP)-
conjugated secondary antibodies were anti-rabbit (NA934) and mouse
(NA931) (GE Healthcare) and anti-guinea pig (AP108P [Chemicon] and
sc-2438 [Santa Cruz]) antibodies. Specific bands were visualized by
chemiluminescence with an X-ray film (Fujifilm) and were quantified
using ImageJ software.

Biochemical analyses. Total lipids were extracted from the left ven-
tricle by the Folch method. TAG and FA levels in total lipid extracts or
plasma samples were measured by colorimetric methods, using a triglyc-
eride Etest (Wako) and nonesterified fatty acid C-test (Wako), respec-
tively. Plasma total cholesterol and free cholesterol were determined with
a cholesterol Etest and free-cholesterol Etest (Wako), respectively. Plasma
glucose levels were determined by a glucose CII test (Wako), and plasma
insulin levels were quantified by an insulin enzyme-linked immunosor-
bent assay (ELISA) kit (Shibayagi).

Electron microscopy. Electron microscopy was performed as de-
scribed previously (11). Briefly, left ventricle tissue pieces were prefixed
with 2% glutaraldehyde in 0.1 M sodium phosphate buffer (PB; pH 7.4)
overnight at 4°C, washed with PB, and postfixed with 2% osmium tetrox-
ide in PB at 4°C for 2 h. Ultrathin sections were stained with 2% uranyl
acetate solution and lead stain solution (Sigma). Samples were observed
using an electron microscope (JEM1200EX; JEOL) at 80 kV.

Immunofluorescence staining. Tissues were fixed with 10% formalin
in phosphate-buffered saline (PBS). Preparation of cryosections and im-
munofluorescence staining were performed as described previously (11).
Sections were permeabilized with methanol at �20°C for 20 min and
blocked with 2% bovine serum albumin (BSA)-PBS for 1 h at room tem-
perature. Sections were then incubated with primary antibodies against
Plin2 (raised in guinea pig) (GP40; Progen) overnight at 4°C, washed with
PBS, and incubated with a secondary antibody, Alexa Fluor 546-conju-
gated anti-guinea pig IgG (Invitrogen), at room temperature for 1 h. Sam-

TABLE 1 Primer sequences used for PCR

Gene description (name)a Forward primer sequence (5=¡3=) Reverse primer sequence (5=¡3=)
Perilipin 2 (Plin2) CTCAGGAGGAGCTGGAGATG TCAATCAGGTGGACAGTGGA
Perilipin 3 (Plin3) CCATGTCTAGCAATGGTACAG GACACCAGTTCCTTAGTATCC
Perilipin 4 (Plin4) GACAACTGAGGAACAAGCTCAG TCCATGGTCATGTCTGTCATCT
Perilipin 5 (Plin5) CCTTGCTGAGCACTGTGTGT TGCTAGCTCAGCCTCAGTCA
Collagen type 1 alpha 2 (Col1a2) TGGCCCATCTGGTAAAGAAG ACCTTTGCCACCTTGAACAC
Cluster of differentiation 36 antigen (CD36) CCATTGGTGATGAAAAAGCA GATCGGCTTTACCAAAGATGTAG
Lipoprotein lipase (LPL) TCGTCATCGAGAGGATCCGA TGTTTGTCCAGTGTCAGCCA
Solute carrier family 27, member 1 (Slc27a1) TTCTCGTGGGCCAGATCAAC GCACGTCACCTGAGAGGTAG
Solute carrier family 27, member 6 (Slc27a6) GGAGAAAACGTCGCAACCAC CCTTCATAACCTGGCACACG
Glutamate oxaloacetate transaminase 2 (GOT2) GCCAAGAACATGGGCCTGTA CTTGCAACCATTGCTTCCGC
Ribosomal protein large P0 (Rplp0) TTCGTGTTCACCAAGGAGGAC ATGATCAGCCCGAAGGAGAAG
a Slc27a1 and Slc27a6 code for fatty acid transport protein 1 (FATP1) and FATP6, respectively. GOT2 is identical to plasma membrane fatty acid-binding protein (FABPpm).
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ples were observed by confocal laser scanning microscopy (LSM510;
Zeiss).

Immunoelectron microscopy. For preembedding immunoelectron
microscopy, the heart was perfused and fixed with 4% formaldehyde–
0.025% glutaraldehyde in PBS, and 6-�m-thick frozen sections were pre-
pared. Sections were blocked and permeabilized with 1% BSA–1% sa-
ponin in PB for 1 h. Sections were incubated with a primary antibody
against Plin2 (ab108323; Abcam) overnight at 4°C, washed with
0.005% saponin in PB, and incubated with a secondary antibody, Alexa
Fluor 594 FluoroNanogold-conjugated anti-rabbit IgG (Nanoprobes),
for 2 h. After samples were washed, sections were fixed with 1% glutaral-
dehyde in PB for 10 min, and silver enhancement was performed as de-
scribed previously (30). Samples were then postfixed with 1% reduced
osmium tetroxide, and ultrathin sections were prepared, followed by
staining with 4% uranyl acetate and lead stain solution (Sigma). Samples
were examined using an electron microscope (JEM1400; JEOL).

Measurement of DAG and ceramide contents. sn-1,2-DAG and cer-
amide contents were measured as described previously (31), using the
total lipid extracts prepared as described above. Briefly, lipid extracts were
incubated with 0.1 �mol of [�-32P]ATP (555 Bq/nmol) and Escherichia
coli diacylglycerol kinase (Sigma) for 1 h at 27°C. This enzyme selectively
phosphorylates sn-1,2-DAG among DAG isoforms. The reaction prod-
ucts were resolved on a thin-layer chromatography (TLC) plate, using the
developing solvent chloroform-acetone-methanol-acetic acid-water (10:
4:3:2:1, by volume). The TLC plate was exposed to an imaging plate (Fu-
jifilm), and the radioactive spots corresponding to [32P]phosphatidic acid
and [32P]ceramide-phosphate were detected by a Typhoon FLA 7000 (GE
Healthcare), followed by quantification using Image Quant TL software
(GE Healthcare).

TBARS assay. Malondialdehyde (MDA) content in the heart was mea-
sured by a thiobarbituric acid reactive substance (TBARS) assay as de-
scribed previously (11), except that the reaction products were quantified
fluorometrically. Measurement was performed in a fluorescence spectro-
photometer (RF-5300PC; Shimadzu) at 536-nm excitation and 551-nm
emission wavelengths.

Echocardiography. Echocardiography was performed on 1.5% isoflu-
rane-anesthetized mice using Vevo 2100 (Visual Sonics), as described
previously (11). The left ventricular fractional shortening (FS) was calcu-
lated as follows: [(LVIDd � LVIDs)/LVIDd] � 100, where LVIDd and
LVIDs indicate the left ventricular internal end-diastolic and end-systolic
dimensions, respectively.

Fractionation of the heart. Freshly isolated mouse hearts were washed
with ice-cold PBS and homogenized in an ice-cold homogenization buffer
(0.25 M sucrose, 20 mM Tris-HCl [pH 7.4], 1 mM EDTA, and a protease
inhibitor cocktail [Roche]), using a Potter-Elvehjem Teflon homogenizer.
Homogenates were centrifuged at 400 � g for 5 min at 4°C. The superna-
tants were transferred to new tubes, the homogenization was repeated
three times for the precipitates, and the supernatants were combined. The
supernatants were centrifuged at 5,500 � g for 10 min at 4°C, and the
precipitates were suspended in a mitochondrion incubation buffer con-
taining 30 mM HEPES (pH 7.4), 145 mM KCl, 5 mM KH2PO4, 3 mM
MgCl2, 0.1 mM EGTA, 0.1% FA-free BSA, and a protease inhibitor cock-
tail (Roche). Mitochondrial ROS generation capacity was measured for
the mitochondrial suspension, as described below. The supernatant ob-
tained above from centrifugation at 5,500 � g was further centrifuged at
100,000 � g for 1 h at 4°C in an ultracentrifuge (CS100GXL; Hitachi)
using a swinging bucket rotor (S52ST; Hitachi), and the precipitates were
used for an immunoblot assay as a membrane fraction.

Determination of hydrogen peroxide (H2O2) generation in mito-
chondria. H2O2 production was measured by H2O2-induced fluores-
cence of homovanillic acid as described previously (32). Briefly, a mito-
chondrial suspension (0.25 mg of protein/1.5 ml) was incubated with the
reaction mixture containing 6 U/ml HRP, 0.1 mM homovanillic acid, 1
�g/ml oligomycin, and substrates (2.5 mM pyruvate–2.5 mM malate or 5
mM succinate) in the presence or absence of 2 �M rotenone for 15 min at

37°C. The reaction was stopped by the addition of 0.5 ml of stop solution,
including 0.1 M glycine-NaOH (pH 12.0) and 25 mM EDTA, and the
fluorescence was measured in a fluorescence spectrophotometer at
312-nm excitation and 420-nm emission wavelengths.

Statistical analyses. All the data are shown as means � standard errors
of the means (SEM). Data were analyzed by Student’s t test for compari-
sons between two groups and one-way analysis of variance, followed by
Fisher’s least-significant difference test for comparison between more
than two groups. Differences with a P value of 	0.05 were considered
statistically significant. The correlation between FS and TBARS values was
assessed by a regression analysis.

RESULTS
Involvement of Plin5 in heart TAG accumulation upon meta-
bolic abnormalities. Plin5 is a critical protector of heart LDs
against attack by lipases, and hence detectable LDs are lost in the
heart with Plin5 deficiency at physiological states (11). On the
other hand, the number of LDs and the TAG content in the heart
increase with metabolic disorders, such as obesity and diabetes
(2). Accordingly, we expected that Plin5 expression would be up-
regulated in the heart under these conditions. To assess this no-
tion, we examined the amount of Plin5 protein in the hearts of the
model mice with metabolic abnormalities, including diet-induced
obesity (DIO), leptin receptor deficiency (Leprdb/Leprdb), STZ-
induced type 1 diabetes, and genetic type 1 diabetes (Ins2WT/C96Y

[Akita]) (Fig. 1). In all of these metabolically dysfunctional mice,
Plin5 protein levels were elevated compared with those of the re-
spective controls. For mice with STZ-induced diabetes, the levels
of heart Plin5 mRNA (see Fig. 4A and B) and protein (see Fig. 5A
and B) were 1.9-fold and 2.0-fold higher, respectively, than those
of nondiabetic (saline-treated) control mice. It should be noted
that Plin5 is a target gene of peroxisome proliferator-activated
receptor 
 (PPAR
), the targets of which are induced in obesity
and diabetes (16, 26). Thus, Plin5 is upregulated during metabolic
disorders, suggesting the involvement of the protein in aberrant
TAG accumulation under these conditions.

Because Plin5 is essential for maintaining heart LDs under
physiological conditions, we expected that diabetes-induced ab-
errant lipid accumulation would also be prevented by Plin5 defi-
ciency. Indeed, we found by electron microscopy that STZ-in-
duced diabetic Plin5�/� mice lacked LDs in the heart, in contrast
to the occurrence of numerous LDs in diabetic WT mice (Fig. 2A),
as observed at physiological states. The morphologies of the mi-
tochondria and actin-myosin filaments were indistinguishable be-
tween the two genotypes. Consistent with the different LD abun-

FIG 1 Plin5 protein levels increased in the hearts of mouse models for meta-
bolic disorders. The Plin5 protein levels of DIO (A), Leprdb/Leprdb (db/db) (B),
STZ-induced type 1 diabetic (C), and Akita (D) mice were examined by im-
munoblotting using total protein extracts of the heart. GAPDH, �-tubulin, or
Coomassie brilliant blue (CBB) staining of the gel was used as a loading con-
trol.
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dances, the heart TAG content increased in diabetic WT mice but
not in Plin5�/� mice under the same conditions (Fig. 2B). We
previously observed similar activities of FA uptake by cultured
cardiomyocytes obtained from both genotypes of mice (11).
Plasma levels of TAG, nonesterified FA, and total and free choles-
terol were similar between the genotypes under normal and dia-
betic conditions (Table 2), except for higher free cholesterol in
STZ-treated Plin5�/� mice. Heart expression levels of mRNAs
involved in FA uptake (CD36, lipoprotein lipase, FA transport
protein 1 [FATP1], FATP6, and plasma membrane FA binding
protein [FABPpm]) were similar between the genotypes (Fig. 3).
Expression of CD36 and FATP1 was upregulated in the diabetic
state, representing increased FA uptake upon induction of diabe-
tes. Thus, diminished TAG accumulation in the hearts of Plin5�/�

mice is not likely to be due to the decrease in FA incorporation.
We previously showed the occurrence of minute LDs coated

with Plin2, another Plin family protein, in the hearts of Plin5�/�

mice (11). These structures are largely depleted of TAG due to
Plin5 deficiency and are consequently undetectable by usual lipid
staining or electron microscopy. Thus, most of the TAG remain-
ing in the hearts of Plin5�/� mice conceivably is accommodated in

FIG 2 Aberrant TAG accumulation is suppressed in the hearts of Plin5�/�

mice. (A) Representative electron micrograph of the hearts of STZ-induced
diabetic WT mice and Plin5�/� mice. Arrowheads indicate LDs. Scale bars, 2
�m. (B) TAG contents in the hearts of saline-treated nondiabetic, STZ-treated
diabetic, and STZ- and NAC-treated diabetic (STZ-NAC) mice. Open bars,
WT mice; filled bars, Plin5�/� mice. Data are shown as means � SEM (**, P 	
0.01; ***, P 	 0.001; n � 5 per group). (C) Representative images of immu-
nofluorescence staining (a and b) and immunoelectron microscopy (c and
d) of Plin2 in the hearts of diabetic mice. Scale bars, 5 �m (a and b) and 500
nm (c and d). Arrowheads indicate the Plin2-positive signals, which were
discerned as heavy accumulations of silver grains, by comparison with the
images of control samples processed in parallel without the primary anti-
body.

TABLE 2 Body weight, heart weight, and plasma levels of metabolites and insulin in WT mice and Plin5�/� mice

Parametera

Value for the group by treatmentb

Saline STZ STZ-NAC

Plin5�/� Plin5�/� Plin5�/� Plin5�/� Plin5�/� Plin5�/�

Body wt (g) 29.67 � 0.49 30.46 � 0.72 21.89 � 1.40*** 22.31 � 1.06*** 21.07 � 0.74*** 21.13 � 0.38***
Heart wt (mg) 116.75 � 2.24 120.52 � 5.20 74.45 � 8.42*** 83.31 � 6.23*** 80.71 � 4.66*** 77.35 � 3.49***
Glucose (mM) 9.3 � 05 8.8 � 0.4 28.1 � 0.4*** 30.5 � 1.6*** 22.7 � 1.2***, ## 24.3 � 1.3***, ##

Insulin (ng/ml) 1.82 � 0.23 1.57 � 0.15 0.21 � 0.09*** 0.24 � 0.1*** 0.11 � 0.07*** 0.30 � 0.10***
TAG (mg/dl) 80.6 � 4.3 66.5 � 6.2 83.6 � 15.2 89.5 � 12.2 56.0 � 18.8 79.4 � 19.3
NEFA (�eq/liter) 522.9 � 45.7 469.6 � 51.3 508.2 � 72.0 525.8 � 94.1 497.2 � 106.4 702.8 � 128.0
T-Cho (mg/dl) 63.7 � 4.4 60.5 � 3.0 73.1 � 7.9 80.7 � 7.0 85.8 � 12.9 104.4 � 9.7***, #

F-Cho (mg/dl) 20.8 � 1.2 20.0 � 0.7 25.1 � 2.1 27.1 � 1.8** 25.2 � 2.6 31.0 � 2.3***
a NEFA, nonesterified fatty acid; T-Cho, total cholesterol; F-Cho, free cholesterol.
b **, P 	 0.01; ***, P 	 0.001, against saline-treated mice of each genotype; #, P 	 0.05; ##, P 	 0.01, against STZ-treated mice of each genotype. For glucose, n � 6 to 10 per
group; for insulin, n � 9 per group; for TAG and NEFA, n � 9 to 16 per group; for T- and F-Cho, n � 5 to 7 per group.

FIG 3 mRNA expression of CD36 (A), LPL (B), Slc27a1 (fatty acid transporter
1 [FATP1] gene) (C), Slc27a6 (FATP6 gene) (D), and GOT2 (plasma mem-
brane fatty acid binding protein [FABPpm] gene) (E) in the hearts of nondi-
abetic and diabetic WT (open bars) and Plin5�/� (filled bars) mice (n � 4 per
group). mRNA levels relative to those of saline-treated (Sal) control WT mice
are presented. Data are shown as means � SEM (**, P 	 0.01; ***, P 	 0.001).
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such minute LDs. We examined the intracellular location of these
structures by immunofluorescence microscopy, employing an an-
tibody to Plin2 (Fig. 2C, panels a and b). In agreement with our
previous result (11), Plin2-positive signals were detected in the
hearts of diabetic Plin5�/� mice although LDs were morphologi-
cally undetectable by electron microscopy. We further investi-
gated their intramyocardial distribution by immunoelectron mi-
croscopy by using a Plin2-specific antibody, employing the
preembedding technique to obtain clear images of the membranes
(Fig. 2C, panels c and d). In the hearts of diabetic WT mice, Plin2
localized to the surface of LDs, which were buried between mito-
chondria. In the hearts of diabetic Plin5�/� mice, most but not all
Plin2 signals were observed in proximity of mitochondria, though
not between them. Thus, the Plin2-coated minute LDs are still
located close to mitochondria but may not be adhering to them,
despite the absence of Plin5. This result is not necessarily incon-
sistent with the notion that Plin5 is involved in the close contact of
LDs with mitochondria (33, 34).

Expression of other Plin proteins and lipases in WT and
Plin5�/� mice. The above observations indicate that Plin5 is es-
sential to maintain LDs in the hearts of type 1 diabetic mice. Other
Plin proteins expressed in the heart, that is, Plin2, Plin3, and Plin4,
do not compensate for Plin5 under physiological conditions (11).
Accordingly, we measured their heart mRNA and protein levels in
WT and Plin5�/� mice in both control and diabetic states. The
mRNA expression of Plin2 increased in diabetic WT mice but did
not change in Plin5�/� mice (Fig. 4A and C). Plin3 and Plin4

mRNAs were expressed at comparable levels in both genotypes
under both conditions (Fig. 4A, D, and E). In WT mice, despite
the increased or unchanged mRNA levels, the protein levels of
Plin2 and Plin3 were lower in the hearts of diabetic mice than in
those of nondiabetic control mice (Fig. 5A, C, and D). In Plin5�/�

mice, the Plin2 protein level decreased markedly whereas Plin3
decreased moderately under both nondiabetic and diabetic con-
ditions. The decrease in Plin2 protein is similar to that observed
for Plin5�/� mice in the normal physiological state (11), repre-
senting the degradation of unbound Plin2 protein by protea-
somes. These results indicate that other Plin proteins do not com-
pensate for the deficiency of Plin5 in the aberrant lipid
accumulation during type 1 diabetes.

We also measured the protein levels of the major heart lipases,
ATGL and HSL. Levels of both lipases increased in the hearts of
diabetic WT mice; however, in diabetic Plin5�/� mice, ATGL did
not increase, and HSL increased to a lesser extent than in WT mice
(Fig. 5E and F).

Plin5�/� mice are resistant to diabetes-induced heart mal-
function due to lower oxidative stress. It has been reported that
intramyocardial aberrant lipid accumulation affects heart func-
tion (2, 3). Because diabetic Plin5�/� mice lacked LDs in the heart,
we expected that the heart function of diabetic Plin5�/� mice

FIG 4 Expression of Plin and lipase mRNAs in the heart. Expression of each
Plin mRNA was quantified by RT-PCR using total heart RNA. (A) Result of
electrophoresis of the PCR products. mRNA expression of Plin5 (B), Plin2 (C),
Plin3 (D), and Plin4 (E) relative to that in saline-treated control WT mice was
estimated by densitometry of the electropherogram, using ImageJ software
(n � 3 per group). The Rplp0 gene was used as an internal control. Open bars,
WT mice; filled bars, Plin5�/� mice; ND, not detectable. Data are shown as
means � SEM (*, P 	 0.05; **, P 	 0.01; ***, P 	 0.001).

FIG 5 Levels of Plin and lipase proteins in the heart. (A) Images of immuno-
blotting of Plin proteins and lipases using total protein extracts from the heart
(15 �g of total protein per lane). Coomassie brilliant blue (CBB) staining of the
gel was used as a loading control. (B to F) The graphs show the levels of Plin5,
Plin2, Plin3, ATGL, and HSL relative to those in saline-treated control WT
mice (n � 3 per group). Open bars, WT mice; filled bars, Plin5�/� mice; ND,
not detectable. Data are shown as means � SEM (*, P 	 0.05; **, P 	 0.01; and
***, P 	 0.001).
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would not be affected. To examine this notion, we assessed heart
function by echocardiography (Fig. 6A and B). FS, a representa-
tive of heart function, decreased significantly in diabetic WT mice
compared with values in nondiabetic WT mice. In contrast, the FS
values in diabetic Plin5�/� mice were indistinguishable from the
values in nondiabetic WT and Plin5�/� mice. We also measured
the type 1 collagen (ColI) mRNA level, a marker of fibrosis, in the
heart. In diabetic WT mice but not in Plin5�/� mice, the mRNA
level increased (Fig. 6C). On the other hand, body weight, heart
weight, and the levels of blood glucose and insulin were compara-
ble between diabetic WT and Plin5�/� mice (Table 2). Thus,
Plin5�/� mice can serve as a type 1 diabetes cardiomyopathy-
resistant model though the diabetic state is the same as that of WT
mice.

To understand the mechanism describing how aberrant lipid
accumulation induces heart malfunction, we further analyzed the
metabolic parameters of type 1 diabetic Plin5�/� mice in compar-
ison with those of diabetic WT mice. Several previous studies sug-
gested that elevation of oxidative stress in the diabetic heart is a
factor contributing to the development and progression of dia-
betic cardiomyopathy (17, 26, 35). Therefore, we examined
whether the diabetes-induced increase in oxidative stress is sup-
pressed by Plin5 deficiency by measuring MDA, a derivative of
lipid peroxide (Fig. 6D). MDA content in the hearts of diabetic
WT mice was 2-fold higher than in nondiabetic WT mice. In con-
trast, MDA contents were indistinguishable between nondiabetic
and diabetic Plin5�/� mice; the MDA value was higher than that
of WT mice in the nondiabetic state, as described previously (11),

but lower than that of WT mice under the diabetic conditions.
Next, we measured the phosphorylation level of p38 mitogen-
activated protein kinase, a mediator and a marker of oxidative
stress. The ratio of phosphorylated p38 to total p38 was enhanced
in diabetic WT mice but not in Plin5�/� mice (Fig. 6E). To con-
firm that the diabetes-induced heart malfunction of WT mice was
due to increased ROS production, we administered an antioxi-
dant, NAC, to the mice. Long-term NAC treatment suppressed
the diabetes-induced escalation of heart malfunction (Fig. 6B),
cardiac fibrosis (Fig. 6C), oxidative stress (Fig. 6D), and p38 phos-
phorylation (Fig. 6E). Significantly, the heart MDA level inversely
correlated with FS (Fig. 6F). These results indicate that elevated
ROS generation is a major cause of diabetes-induced heart mal-
function in WT mice. In contrast, Plin5�/� mice are protected
from the decline in heart function by mitigated ROS generation in
the diabetic state.

Expression levels of PPAR� target genes and mitochondrial
capacities for ROS production are similar between the two ge-
notypes. It has been reported that the PPAR
 regulatory pathway
is activated in the hearts of diabetic mice, which results in imbal-
ances of myocardial energy metabolism, leading to diabetic car-
diomyopathy (16, 17). It has also been reported that LDs are the
source of lipid ligands for PPAR
 activation, supplying FAs
through hydrolysis of TAG (36–38). In the hearts of type 1-dia-
betic Plin5�/� mice, LDs were undetectable, a result which might
affect the supply of lipid ligands to PPAR
. Accordingly, by im-
munoblotting, we measured the protein levels of PPAR
 target
genes, Acox, UCP3, VLCAD, and MCAD (Fig. 7A). Protein levels

FIG 6 Diabetes-induced heart malfunction is suppressed by Plin5 deficiency. (A) Representative images of echocardiography (M mode) of nondiabetic, diabetic,
and NAC-treated diabetic mice (WT and Plin5�/�), at heart rates of ca. 450 beats per min. (B) FS (n � 10 to 19 per group) calculated from the echocardiographs.
(C) Heart expression of ColI mRNA, a marker of heart fibrosis, relative to that of saline-treated control WT mice, normalized with the signal intensity of Rplp0
(n � 4 per group). (D) Amount of MDA, a marker of oxidative stress, measured by the TBARS assay (n � 7 to 10 per group). (E) Immunoblotting of
phosphorylated and total p38 (P-p38 and p38, respectively), using total heart protein extracts. The graph shows the ratio of P-p38 to total p38, relative to that of
saline-treated control WT mice (n � 3 per group). For panels B to E, data are shown as means � SEM (**, P 	 0.01; ***, P 	 0.001). Open bars, WT mice; filled
bars, Plin5�/� mice. (F) Regression analysis of the correlation between the heart MDA content and FS. Open circles, diabetic WT mice; open triangles,
NAC-treated diabetic WT mice; filled circles, diabetic Plin5�/� mice; filled triangles, NAC-treated diabetic Plin5�/� mice.
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of Acox, UCP3, and VLCAD were upregulated by diabetes in the
hearts of both genotypes of mice. On the other hand, the MCAD
level in diabetic mice was comparable to that of nondiabetic mice
of either genotype.

Several previous papers reported that the mitochondrial elec-
tron transport chain is one of the major sites of ROS generation in
the diabetic heart, contributing to heart malfunction (25–27, 35).
In contrast, other reports show that progression of diabetes does
not affect the capacity of ROS generation by mitochondria (39,
40). Using isolated mitochondria, we examined whether the lower
ROS production in the hearts of type 1-diabetic Plin5�/� mice was
due to a lower capacity than WT mice for mitochondrial ROS
generation (Fig. 7B). Superoxide production, by electron leak
during forward electron transport through complexes 1 and 3, was
assessed by the rate of H2O2 production with pyruvate and malate
as substrates. The results did not differ among the four mouse
groups. With the addition of rotenone, a specific inhibitor of com-
plex 1, the rate of H2O2 production increased due to reverse elec-
tron transport, and the rates were similar among the four groups.
With succinate as the substrate of complex 2, superoxide produc-
tion, due to reverse electron transport to complex 1 and forward
transport to complex 3, was measured and also did not differ
among the four groups. With the addition of rotenone, the rate of
H2O2 production decreased due to blocking of the reverse elec-
tron transport, and the rates were indistinguishable among the
four groups. These results suggest that suppression of type 1 dia-
betes-induced heart malfunction in Plin5�/� mice is not caused
by repression of the PPAR
 transcriptional regulatory pathway
nor by a lower capacity for mitochondrial ROS generation.

Accumulation of lipotoxic molecules and activation of
NADPH oxidase are suppressed in the hearts of Plin5�/� mice.
FA, DAG, and ceramide are signaling lipids, and an increase of
intramyocardial levels is considered toxic. In fact, several papers
report that increased levels of lipotoxic molecules lead to heart
malfunction (41, 42). Expecting that the intramyocardial levels of
such molecules, similar to TAG, would be lower in Plin5�/� mice
than in WT mice in the type 1-diabetic state, we measured in-
tramyocardial levels of these molecules (Fig. 8). In diabetic WT
mice, accumulation of FA, sn-1,2-DAG, and ceramide was ob-
served. In contrast, these molecules did not accumulate above the
control levels in the hearts of diabetic Plin5�/� mice. Interestingly,
sn-1,2-DAG and ceramide, but not TAG and FA (Fig. 2B and 8A),
decreased in the hearts of NAC-treated diabetic WT mice com-
pared with levels in untreated diabetic WT mice. Plasma TAG and
FA concentrations were not affected by NAC treatment although
total and free cholesterol levels were higher in NAC-treated dia-
betic Plin5�/� mice (Table 2).

FIG 7 Levels of proteins encoded by PPAR
 target genes and mitochondrial
ROS generation capacities are not different between the genotypes. (A) Protein
levels of PPAR
 target genes, Plin5, Acox, UCP3, LCAD, and MCAD, in the
hearts of nondiabetic and diabetic WT (open bars) and Plin5�/� (filled bars)
mice. The lower graphs show amounts of each protein relative to amounts in
saline-treated control WT mice. Coomassie brilliant blue (CBB) staining of the
gel was used as a loading control. (B) Evaluation of mitochondrial ROS gen-
eration capacity estimated by hydrogen peroxide production with isolated
mitochondria from nondiabetic and diabetic WT and Plin5�/� mice (n � 5 to
9 per group). Data are shown as means � SEM (**, P 	 0.01; ***, P 	 0.001).

FIG 8 Accumulation of lipotoxic molecules is suppressed in the hearts of Plin5�/� mice. Levels of FA (A), sn-1,2-DAG (B), and ceramide (C) in the hearts of
nondiabetic and diabetic WT and Plin5�/� mice (n � 5 to 8 per group). FA was measured by a colorimetric method, whereas DAG and ceramide were measured
by the DAG kinase method. Open bars, WT mice; filled bars, Plin5�/� mice. Data are shown as means � SEM (*, P 	 0.05; **, P 	 0.01; ***, P 	 0.001).
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Several reports show that NADPH oxidase 2 (NOX2) is an-
other major source of ROS generation (43–45). The NOX2 en-
zyme complex consists of membrane-bound subunits (NOX2/
gp91 and p22) and cytosolic subunits (p47phox, p67phox, p40phox,
and Rac) (46). Upon phosphorylation of p47phox by PKC, these
subunits are assembled on the plasma membrane and hence the
enzyme is activated. DAG and ceramide activate PKC by recruit-
ing the enzyme to the membrane (47, 48). Hence, we expected that
the levels of active PKC and the NOX2 enzyme complex in the
membrane would increase in the hearts of type 1-diabetic WT
mice but not in Plin5�/� mice due to the increased levels of lipo-
toxic molecules. To examine this supposition, we estimated the
membranous protein levels of PKC (mainly corresponding to 

and �2 isoforms, based on the electrophoretic mobility and pub-
lished data on heart expression [49]), p47phox, and p67phox by im-
munoblotting membrane fractions (Fig. 9). In the hearts of dia-
betic WT mice but not in Plin5�/� mice, membranous levels of
PKC, p47phox, and p67phox were higher than those of the nondia-
betic mice. In agreement with previous studies (50–52), membra-
nous levels of PKC, p47phox, and p67phox decreased in the hearts of
antioxidant-treated diabetic mice compared with levels in diabetic
mice of both genotypes. Taken together, these results suggest that
suppression of STZ-induced type 1 diabetic heart malfunction in
Plin5�/� mice is due to suppression of NOX activation through
the DAG/ceramide-PKC pathway.

DISCUSSION

We previously reported that Plin5 protects heart LDs from attack
by ATGL and/or a related lipase(s) in vivo under physiological
conditions (11). In this study, we demonstrated that Plin5�/�

mice, also in the STZ-induced type 1 diabetic state, lack detectable
LDs in the heart and consequently do not exhibit diabetes-in-
duced aberrant lipid accumulation in this organ. Intramyocardial
aberrant TAG accumulation, typically observed in diabetes, is
known to affect heart function in both humans and rodent models
(2, 12). Type 1 diabetic Plin5�/� mice did not exhibit heart mal-
function. Thus, Plin5 promotes aberrant TAG accumulation in
the heart, affecting the organ function in type 1 diabetes, in con-

trast to the cardioprotective function under physiological condi-
tions.

Plin5�/� mice could be a useful model with tolerance to type 1
diabetic cardiomyopathy, which would be helpful to study the
disease mechanism by comparing metabolic parameters with
those of WT mice. Levels of lipid intermediates, sn-1,2-DAG, cer-
amide, and FA, increased in the hearts of diabetic WT mice but not
in Plin5�/� mice. Accumulation of these compounds, particularly
DAG, has been noted in the hearts of STZ-induced diabetic animals
(49, 53, 54) although the DAG isoform was unspecified in the major-
ity of works. On the other hand, heart-specific overexpression of
ATGL (55) and HSL (56) decreases those compounds and improves
heart function in type 1 diabetes. Such compounds, but not TAG
itself, are the likely causes of lipotoxicity, which has typically been
shown by studies analyzing mice overexpressing the heart-specific
DAG acyltransferase 1 (DGAT1) (28, 29). These mice exhibited TAG
accumulation as well as decreases in FA, DAG, and ceramide in the
heart concomitantly with improved heart function in genetic back-
ground of lipotoxic heart malfunction (that is, cardiac fatty acyl-CoA
synthase [28] and PPAR� [29] overexpression).

DAG, more specifically sn-1,2-DAG, is a known activator of
conventional and novel PKC isoforms (57), whereas ceramide ac-
tivates an atypical PKC (48). In the present work, we observed
PKC translocation to membranes, which is an indicator of enzyme
activation, in STZ-induced diabetic WT mice but not Plin5�/�

mice. Heart PKC activation was previously shown in type 1 dia-
betic mice (49, 50, 52), and a PKC inhibitor ameliorated STZ-
induced cardiac dysfunction (52) as well as vascular dysfunction
(58). Moreover, heart-specific PKC�2 overexpression causes car-
diomyopathy (59). Hence, PKC activation by DAG has been im-
plicated in heart complications due to type 1 diabetes (54). In line
with this notion, STZ-induced cardiomyopathy was alleviated by
islet transplantation, with concomitant reduction of heart DAG
level and PKC activity (49). A study in DGAT1 transgenic mice
also showed a concomitant decrease in lipotoxic compounds and
PKC activity (29). Our present results further show that, by Plin5
ablation, lower contents of lipotoxic compounds and lower PKC
activity together are associated with normal heart function in type

FIG 9 Translocation of PKC, p47phox, and p67phox to the plasma membrane is suppressed in the hearts of Plin5�/� mice. (A) Images of immunoblotting for PKC,
p47phox, and p67phox using the heart membrane fractions prepared from WT and Plin5�/� mice. Cadherin was used as a loading control. Amounts of membra-
nous PKC (B), p47phox (C), and p67phox (D) relative to those in saline-treated control WT mice were estimated using ImageJ software (n � 3 per group). Open
bars, WT mice; filled bars, Plin5�/� mice. Data are shown as means � SEM (*, P 	 0.05; **, P 	 0.01; ***, P 	 0.001).
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1 diabetes. It should also be noted, however, that DAG may exert
signaling functions through non-PKC receptors (60).

Excess ROS production has been implicated in diabetes-in-
duced heart malfunction. In the present study, heart ROS produc-
tion increased in diabetic WT mice but not in Plin5�/� mice.
Moreover, long-term treatment of WT mice with an antioxidant
reduced the diabetes-induced oxidative stress, as assessed by MDA
content and p38 phosphorylation level, and impairment of heart
function was prevented without alteration of TAG or FA levels.
These results indicate that aberrant LD formation and TAG accu-
mulation lead to type 1 diabetes-induced heart malfunction, pri-
marily through excess ROS generation.

It was reported that, under diabetic conditions, heart expres-
sion of PPAR
 target genes increases and that FA oxidation accel-
erates, resulting in excess mitochondrial ROS generation (16, 17,
25–27, 61). It was also reported that LDs supply lipid ligands, FAs
and their metabolites, for PPAR
 activation through lipolysis (22,
36–38). In the hearts of diabetic Plin5�/� mice, LDs were not
detectable, and the intramyocardial FA levels were lower than
those of diabetic WT mice. Nevertheless, the protein levels of
PPAR
 target genes and mitochondrial ROS generation capacities
were indistinguishable between the two genotypes under either
normal or diabetic conditions. Despite the lower heart FA con-
tents in Plin5�/� mice due to facilitated mitochondrial oxidation
(11), a sufficient amount of lipids is likely to be supplied to activate
PPAR
. Taking these results together, at least under our experi-
mental conditions of STZ-induced type 1 diabetes, abnormal
PPAR
 activation and/or mitochondrial ROS production do not
seem to be major causes of heart malfunction. Although mito-
chondria are major sites of ROS generation in the heart and are
implicated in cardiomyopathy caused by both type 1 and type 2
diabetes, cytoplasmic ROS production, including by NOX, has
also drawn attention (61). Mitochondrial dysfunction is often ob-
served in the hearts of diabetic animals and can be either the cause
or result of oxidative stress. Moreover, mitochondrial and cyto-
plasmic ROS may affect the functions, including ROS generation
itself, of reciprocal compartments. It is possible that the primary
origin of ROS varies depending on experimental conditions, such
as diabetes-inducing procedures, durations of treatments, and se-
verity of diabetic state.

Membranous levels of NOX subunits, p47phox and p67phox,
were elevated in diabetic WT mice but not Plin5�/� mice. Acti-
vated PKC causes activation of NOX2 through phosphorylation of
p47phox (47, 48, 62). A study employing a PKC�2 inhibitor showed
decreased NOX2 activity and ROS level, together with the im-
provement of heart function (52). The importance of NOX2 in
STZ-induced ROS production and heart impairment was shown
by the ameliorating effects of a NOX2 inhibitor, apocynin, on
heart parameters (45, 51). In addition, Rac1 ablated mice, in
which the assembly of NOX2 complex on plasma membrane is
suppressed, are tolerant to type 1 diabetes-induced cardiac mal-
function (44). Treatment of animals with an antioxidant, NAC,
was shown to correct heart abnormalities induced by type 1 dia-
betes (50, 51). It is of interest that these compounds simultane-
ously result in reduced activation of PKC and NADPH oxidase.
We found that NAC reduced DAG and ceramide but not FA and
diminished PKC and NOX2 activation. A similar effect of decreas-
ing DAG was observed with 
-tocopherol in the aorta (63) and
mesangial cells (64). This was proposed to be due to protection of
DAG kinase from oxidative stress, thereby directing DAG to phos-

pholipid synthesis. Thus, ROS may in turn activate PKC by en-
hancing DAG accumulation.

The results of preceding studies together suggest the involve-
ment of PKC activation by DAG and/or ceramide, leading to ex-
cess ROS generation, in type 1 diabetes-induced cardiomyopathy.
However, to the best of our knowledge, no study thus far has
presented consistent alterations of the consecutive parameters in
the whole signaling pathway in any experimental settings. By ab-
lating Plin5, a key regulator of TAG metabolism, we successfully
showed the correction of all the downstream parameters in STZ-
induced diabetes, conceivably placing the alteration in lipid me-
tabolism farthest upstream. Plin5�/� mice are resistant to type 1
diabetes-induced heart malfunction owing to decreased oxidative
stress, despite the age-dependent heart malfunction due to en-
hanced mitochondrial ROS generation, under physiological con-
ditions (11). It is likely that heart FA oxidation and ROS produc-
tion in mitochondria would increase in Plin5�/� mice compared
with levels in WT mice in both physiological and diabetic states.
Thus, ROS production by NOX2 in the hearts of diabetic WT mice
would far exceed ROS generation in mitochondria in Plin5�/�

mice.
Taking these results together, we suggest that Plin5 allows ex-

cess TAG accumulation in the hearts of mice with STZ-induced
type 1 diabetes, which is accompanied by an increase of lipotoxic
compounds, such as DAG and ceramide. These compounds lead
to activation of NOX2 via the PKC signaling pathway, resulting in
excess ROS production and eventual diabetic cardiomyopathy.
With the positive feedback loop leading to DAG increase, ROS
would promote heart impairment by promoting diverse PKC sig-
naling pathways as well as direct oxidative toxicity. A trial to tem-
porarily suppress Plin5 function would potentially be beneficial
for ameliorating cardiomyopathy, during which diabetes itself
may be treated effectively by an appropriate means. Long-term
suppression of Plin5 function, however, would accelerate heart
malfunction, as suggested by our previous observations (11). The
effect of Plin5 ablation on cardiomyopathy should also be evalu-
ated in other experimental diabetes models.
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